In recent years, obesity has been recognized as a major public health problem due to its increased prevalence in both children and adults and its association with numerous life-threatening complications including diabetes, heart disease, hypertension, and cancer. Obesity is a complex disorder that is the result of the interaction between predisposing genetic and environmental factors.
In the past decade, the prevalence of obesity has reached alarming levels, resulting in the World Health Organization (WHO) recognizing it as a global epidemic, affecting significant portions of the population in both developed and developing countries. The WHO has estimated that by 2015 there will be 2.3 billion overweight adults worldwide, with 700 million of them classified as obese (72) . Obesity is a metabolic disorder that can involve hyperglycemia, hypertension, and hyperlipidemia (69, 71) and is strongly associated with a high incidence of diabetes, arteriosclerosis, and cardiovascular disease (20, 32) . In addition, obesity exacerbates many health problems including, but not limited to, sleep apnea, osteoarthritis, gallstones, and certain types of cancers (15, 65) . Clinically and physiologically, obesity is a very heterogeneous disease. In addition to environmental factors such as high-fat diets and sedentary lifestyles, genetic predisposition is also believed to contribute to the imbalance between energy intake and expenditure that ultimately results in obesity and its associated morbidities (34). Despite intensive analysis, the etiological mechanisms that lead to energy imbalance and obesity are not fully understood.
Drosophila Models of Human Obesity
Recently, non-mammalian genetic model organisms including nematodes, zebrafish, and fruit flies have emerged as excellent paradigms for studying a wide variety of human diseases. Drosophila melanogaster is a particularly powerful model due to its wide array of available genetic tools, short generation time, and ability to perform large-scale, unbiased forward genetic screens. Moreover, analysis of the Drosophila genome has shown that ϳ75% of all known human disease-related genes are conserved in flies (56) .
Recently, Drosophila have been used in studies of metabolic disorders, since flies have many of the same basic metabolic functions as mammals, including the ability to maintain sugar homeostasis, storing and mobilizing energy stores, and modulating food intake in response to nutritional cues, and many of the molecular mechanisms that regulate these metabolic processes are conserved. Furthermore, many of the metabolic organs and tissues in mammals have functionally analogous counterparts in flies, including the liver, pancreas, and adipose tissue (see Table 1 ). For example, the fly fat body serves as the site of energy storage in the form of lipids and glycogen, similar to mammalian white adipose tissue and liver (12) . A notable exception is the absence of a fly equivalent of brown adipose tissue, which is involved in energy expenditure in mammals. In this review, we will compare the mechanisms used by flies to maintain energy balance with those used in mammals and discuss the utility of Drosophila models to study obesity and its associated disorders.
Regulation of Lipid Metabolism
Lipids perform many crucial functions within cells. They are essential structural components of cell membranes, are important signaling molecules, and also serve as a source of energy during periods of prolonged nutrient deprivation. As such, the control of lipid metabolism is crucial for normal development and physiology (25, 38) . These lipid metabolic processes employ a complex set of mechanisms that regulate lipid uptake, transport, storage, and mobilization, which are conserved between mammals and flies (see FIGURE 1), and their dysregulation can result in excess lipid storage and obesity.
Lipid Uptake and Transport
In terms of energy metabolism, a crucial role is played by the fatty acid (FA) branch of lipid metabolism, which includes FA synthesis and uptake, storage of FAs as triacylglycerides (TAG), and conversion of FAs to produce energy. Similar to vertebrates, Drosophila can obtain FAs from their diets, normally in the form of TAG that gets broken down to free FAs (FFAs) and monoacylglceride (MAG) by lipases including magro, which is homologous to mammalian gastric lipase (63) . Magro expression is directly regulated by the orphan nuclear receptor DHR96 (63) , a homolog of the liver X receptors that are required to regulate triglyceride levels in mice (60) . DHR96 mutant flies are lean, resistant to high-fat diet-induced obesity, and insensitive to treatment with a lipase inhibitor, suggesting that a defect in breakdown of dietary lipids is affecting fat accumulation in these mutants (63) .
The FFAs and MAG in the gut lumen are then able to be absorbed by the enterocytes and converted to diacylglceride (DAG) that is exported to the hemolymph (the fly equivalent of blood) as lipoprotein (also called lipophorin) particles. Unlike vertebrates, these lipoprotein particles are present in the hemolymph and do not require de novo synthesis (12) . Moreover, insect lipoprotein particles are thought to be a reusable shuttle system since they can deliver their lipid cargo to target tissues without internalization and degradation of the particle itself (12) . Another point of divergence between Drosophila and mammals is the predominant neutral lipid in the circulation: DAG in flies vs. TAG in mammals. It is not known whether either acylglyceride provides any distinct advantage. However, in the insect system at least, lipophorins that carry DAG seem to function more efficiently as reusable shuttles compared with lipophorins in species that carry TAG (51).
Lipid Storage and Mobilization
Lipophorin travels with its DAG cargo to body tissues for use in energy production or to the fat body for storage. There, it binds lipophorin receptors similar to the low-density lipoprotein receptor (12, 18) and unloads the DAG, which gets converted to TAG and stored in intracellular lipid droplets (LDs). There have been many studies of the LD components that have demonstrated that these proteins are responsible for the regulation of TAG storage and mobilization and that the LD proteome is conserved between flies and mammals. These studies have been described in several recent reviews (35-37, 48). For example, when either flies or humans require the mobilization of lipids for energy production, lipolytic signals act on LD components to allow lipases to access the stored TAG in the droplet (see FIGURE 1) . In mammals, the FAs released from TAG breakdown can enter the blood and be taken up by the body tissues. In flies, the TAG breakdown products are delivered as DAG by lipophorins, which travel to the tissues where lipoprotein lipase catalyzes the release of FAs from the DAG. The fatty acids can then be taken up by the cell to undergo ␤-oxidation and energy production. (DAG) in flies] and packaged into lipoprotein particles. These particles are released into circulation and travel to the site of lipid storage (adipose tissue in mammals and fat body in flies) if the fats are not immediately required for energy production. In mammals, the TAG is broken down by lipoprotein lipase into glycerol and FAs that can then be taken up into the adipocytes and used to generate TAG, which is then stored in the intracellular lipid droplets. In flies, the lipoprotein particles are endocytosed by fat body cells via a lipophorin receptor-mediated mechanism, and the DAG is extracted and used to synthesize TAG, which is deposited into the lipid droplets by an unknown mechanism. C and D: lipid mobilization. In times when sugars are not readily available for energy production, a signal is sent to the lipid storage tissues to mobilize fats. ␤ 3 -Agonists/adipokinetic hormone (Akh) bind to their respective G-protein-coupled receptors that activate PKA via adenyl cylase and increase in cAMP levels. In mammals, PKA phosphorylates perilipin 1 (PLIN1), relieving its inhibition of adipose triglyceride lipase (ATGL). PKA also phosphorylates hormone-sensitive lipase (HSL), thereby activating it, and, together with ATGL, the two proteins catalyze the breakdown of TAG from the lipid droplets to FAs. In Drosophila, PKA can phosphorylate the PLIN1 homolog lipid storage droplet-1 (Lsd-1), but whether this has functional significance is unknown. Flies also have a putative HSL homolog (CG11055), but its role in this process has not been elucidated. Akh receptor (AKHR) signaling stimulates the ATGL homolog Brummer (Bmm), which catalyzes the breakdown of lipid droplet TAG to DAG and FAs that are released into the circulation. In mammals, the FAs released from the adipocytes are taken up by the body tissues for energy production. Hepatocytes also use the FAs to produce ketone bodies that are used by the brain and muscle for energy production. In flies, the released DAG is taken up into lipoprotein particles and travels to the body tissues where it is further broken down to FAs by lipoprotein lipase. The fly fat body can also produce ketone bodies, but it is not known whether the hepatocyte-like oenocytes are also capable of ketogenesis. ADRB3, ␤ 3 -adrenergic receptor. 
Hepatocyte-like Functions in Drosophila FA Metabolism
The mammalian liver can take up FAs from the circulation in proportion to their blood concentration, and excessive uptake (e.g., during high levels of lipolysis) results in accumulation of lipid droplets in the hepatocytes. Increased FA uptake also enhances ketogenesis, which uses ␤-oxidation products to produce soluble ketone bodies that are released into the blood and can be used as an energy source for many tissues, including the brain and heart. This process is thought to aid in the distribution of metabolic fuel to the different tissues during periods of negative energy balance.
In flies, most of the hepatocyte functions are performed by the fat body. In addition, specialized cells, called oenocytes, underlying the fat body accumulate lipid droplets under starvation conditions similar to hepatocytes (26) . However, it is not known whether these cells are capable of ketogenesis (a function that may reside solely in the fat body). In addition, the function of oenocytes has only been studied in larvae, so it is unknown whether they serve other or additional functions in adults where the metabolic programs may be different.
Regulation of Carbohydrate Metabolism
Carbohydrates are a primary energy source for living organisms; as such, the maintenance of carbohydrate homeostasis plays an important role in energy balance in flies and humans. As previously mentioned, Drosophila have functionally analogous pancreatic ␤-and ␣-cells that secrete insulin-like petides and adipokinetic hormone, which are the fly versions of insulin and glucagon, respectively. In addition, many of the signaling pathways and mechanisms are conserved between flies and mammals. These studies have been described by several reviews (3, 4, 27, 66) but will not be discussed here.
CNS Regulation of Energy Metabolism
The central nervous system (CNS) has been shown to play a pivotal role in regulating energy homeostasis. Consistent with this role, ϳ25% of all the genes in the last Human Obesity Gene Map, and nearly all the genes implicated in monogenic obesity are known to be expressed in the brain (55) . Furthermore, recent genome-wide association studies in humans have implicated single-nucleotide polymorphisms in several neuronal genes with predisposition to high BMI (40, 67, 73) .
The CNS has also recently been shown to play a role in regulating energy metabolism in Drosophila. In a genome-wide RNAi screen (53), one-third of the ϳ500 genes found to affect stored fat levels when ubiquitously knocked down were also able to alter fat levels if their expression was specifically reduced in neurons. In addition, Al-Anzi et al. (1) performed a screen searching for neuronal populations involved in the regulation of lipid stores uncovering two distinct populations. Altering the neuronal activity of these neuronal populations resulted in changes in food consumption, lipid metabolism, and macromolecule metabolism that could be reversed by restoring normal neuronal activity. However, although these screens implicate the CNS in fly energy metabolism and despite the importance of the CNS in mammalian energy balance, the molecular mechanisms are still largely unknown and have not been the focus for many Drosophila metabolic studies.
Inputs to the CNS
The CNS is thought to act as the central coordinator that monitors the body's energy status and initiates the appropriate outputs to correct any perturbations by modulating feeding behavior and metabolism. These signals conveying the body's energy status are in the form of satiation signals from the gastrointestinal tract, signals from the metabolic tissues, and signals from nutrients themselves such as fatty acids and glucose (33, 59, 62) .
There is some evidence that suggests that the Drosophila brain can directly sense nutrients. Alteration in the activity of the nutrient-sensing target of rapamycin (TOR) pathway in the brain can affect feeding behavior, potentially in response to nutritional status (57) . In addition, certain gustatory receptors are expressed on some nonsensory neurons in brain regions implicated in metabolism and feeding behavior, suggesting a potential function of these receptors in nutrient sensing in these neurons (68) .
Some of the most studied signals between the CNS and the periphery in the regulation of metabolism are the so-called "adiposity factors" leptin and insulin that are secreted by adipose tissue and pancreas, respectively, and circulate in proportion to body fat mass. These hormones bind to receptors on neurons in the hypothalamus that are part of a complex neuronal network whose purpose is to regulate feeding behavior and nutrient metabolism to promote energy homeostasis (reviewed in Refs. 29, 33, 59, 62). Although there are several Drosophila insulin-like peptides (Ilps), it was previously thought that flies did not have a leptin homolog, although it was known that the fat body secretes humoral factors that signal to the brain in response to nutritional status (9, 17, 24) . This issue has recently been resolved with the discovery of a functional homolog of leptin called Unpaired-2 (Upd-2) (54). Similar to leptin, Upd-2 is a cytokine secreted by fat tissue and corresponds to positive energy balance and activates Jak/STAT signaling in the brain. In flies, the Upd-2 signaling cascade regulates the secretion of Ilps from neurosecretory neurons [also called insulin-producing cells (IPCs)], which mediate the metabolic functions of Upd-2. The identification of a functional leptin homolog that shares little sequence homology demonstrates the potential for the discovery of homologs for other neuronal factors that play important roles in mammalian energy homeostasis but have no clear counterpart in flies (notably Agouti-related protein and the melanocortins). Given the conservation of other metabolic genes and pathways between flies and mammals, it is possible that additional neuronal factors and mechanisms are functionally conserved as well. However, uncovering these homologs will require functional assays rather than relying on sequence analysis. To this end, the hits from the RNAi screen mentioned previously (53) could serve as a starting point for the identification of these molecules.
Neuronal Signaling Network and Outputs from the CNS
In flies, the neuronal circuitry mediating energy balance has yet to be fully characterized, but it appears that some of the known circuits converge on the endocrine system, brain regions that innervate the muscles required for feeding, and the Ilpproducing cells (47) . Much of the focus has been on the interneuronal signaling to the IPCs or signaling within the IPCs to regulate the production and/or secretion of the insulin-like peptides, identifying many factors in these processes, including sNPF (31, 39), ERK (39), S6K (74), JNK (70), serotonin (43), Cbl (75), tachykinins (6), and Minibrain (Mnb) (28).
The IPCs send processes to several tissues including the aorta, the ring gland (the fly endocrine gland), and parts of the digestive tract (13, 16) , suggesting that these are the target tissues for CNS outputs, although this area requires further study. The fat body is one of the targets for the Ilps that are released into the circulation, and activation of insulin receptor signaling results in effects on lipid and carbohydrate metabolism (66) . For example, signals from the IPCs control the sugar stores in the fat body through regulation of tobi (target of brain insulin) expression, which encodes an ␣-glucosidase that can catalyze the breakdown of glycogen (11) .
The regulation of feeding behaviors is another important function of the CNS in energy homeostasis. Several mutants with changes in food preference and consumption have been identified in flies, including neuropeptide F and hugin, whose mammalian homologs neuropeptide Y and neuromedin U play roles in energy homeostasis (reviewed in Ref. 46 ). The IPCs also secrete Drosulfakinins (DSKs), which function in feeding behavior and, more specifically, in food intake and preference (64) . Interestingly, DSKs are related to vertebrate cholecystokinin (CCK) and play a similar satiation function as CCK.
Although there is still much to learn about role of the CNS in energy metabolism in flies, there is great potential for these models since fly geneticists have many tools to study neuronal function, including methods to target expression of genes and RNAi constructs to specific neuronal populations, tools for measuring and manipulating neuronal activity, and well developed behavioral tests, which altogether should aid in the functional dissection of these circuits.
Genetic Analyses of Obesity

Genetics of Human Obesity
Estimates indicate that up to 70% of weight variation is determined by genetic factors (8, 14, 30, 41) . Some of these factors have been identified by studying rare monogenic forms of obesity, which have identified mutations in several genes including leptin, the leptin receptor, and the melanocortin 4-receptor genes. Although these monogenic forms account for Ͻ1% of all cases of obesity (21, 22) , knowledge of these genes and their functions has significantly increased our understanding of obesity.
The more common forms of obesity likely involve both gene-gene and gene-environment interactions. However, unlike the monogenic forms of obesity, identifying specific susceptibility genes has proven to be very difficult. Previously, searches for genes that predispose to obesity were mainly based on candidate gene approaches and genomewide linkage studies. Although this led to the identification of over 430 genes or chromosomal regions, only a small percentage of these have been replicated by multiple studies (52, 55) . More recently, genome-wide association studies (GWAS) have been used to uncover common single nucleotide polymorphisms (SNPs) associated with various obesity measures and have greatly increased the speed of gene discovery. The most promising finding from these GWAS studies was the identification of variants in FTO (the fat mass and obesity-associated gene), which were unequivocally associated with body mass index (BMI) and obesity in white Europeans (23, 61) . Although these studies have broadened our understanding of the genetic basis of common obesity, individual susceptibility genes only produce modest effects on obesity measures, which account for a small portion of the genetic component to obesity (7, 19) .
Genetic Screens in Drosophila
It is clear that the present methods used in human genetic studies are insufficient to account for the variation in BMI and that we need to find alternative strategies. Drosophila may be able to help in this aspect as screens are one of the major strengths of flies as genetic models, and researchers have access to a large number of resources, including multiple online databases and libraries of transgenic lines (some of which cover most of the fly genome) (45) . Using one of these libraries, Pospisilik et al. (53) screened over 11,500 transgenic RNAi lines corresponding to ϳ10,500 genes for changes in fat levels in adult flies. Of the 500 hits, 60% have human orthologs, including genes involved in insulin signaling, sugar and lipid homeostasis, nutrient transport, and adipocyte development and function. In addition, this screen identified a large number of potential lipid storage regulators that were not previously associated with obesity. Although these candidate genes have not been further characterized, there is potential here to find novel susceptibility genes or to uncover molecular mechanisms of disease that could be relevant to human obesity. Interestingly, gene ontology analysis of the hits from this screen found hedgehog signaling to be the most highly enriched signaling pathway and that this pathway acts in the fat body. Subsequently, it was shown that hedgehog signaling in mice regulates early adipogenic factors that function in white vs. brown adipocyte specification, thus exemplifying how genetic work in flies can impact our knowledge of mammalian physiology (53).
Genome-Wide Association Studies in Flies
It has become possible to perform GWAS studies in Drosophila with the introduction of a panel of ϳ200 fully sequenced, inbred strains from the Drosophila Genetic Reference Panel (DGRP) intended for use in analysis of population genomics and quantitative traits (44) . Although 200 lines are far less than the number of subjects in human GWAS studies, there are still many distinct advantages to performing these studies in flies. For instance, it is possible to test many individuals with identical genotypes, allowing for more accurate measures of specific quantitative traits. In addition, these studies offer much greater control over the environment, allowing researchers to either reduce environmental variables or to study the effect of specific environmental influences. This is of particular importance in obesity studies where environment is known to affect genetic susceptibility.
A disadvantage of human GWAS is the limitation on how many SNPs can be tested (i.e., how many probes can fit on a chip). Consequently, the most common SNPs are predominantly selected for testing, and therefore these studies overlook lowfrequency variants. This limitation does not apply when using the DGRP lines where all SNPs are known, and, in fact, the majority of SNPs in these lines are low-frequency variants (44) . In addition, there are also many mapped polymorphic microsatellite loci that can be used for analysis. Ayroles et al. (2) have previously used these lines to look for genetic variants involved in resistance to fitness-related quantitative traits. Interestingly, most of the variants implicated in these traits are low-frequency variants, and the lower the frequency the greater the effect. If this is also true in human populations, then it could explain why variants identified in human GWAS studies (that mainly look at high-frequency SNPs) have such modest effects on weight and BMI. Given the many advantages of fly GWAS studies and the hundreds of novel candidate genes identified in previous studies, our understanding of human obesity could greatly benefit from Drosophila models.
Modeling Obesity-Related Disorders in Flies
The observation that many of the metabolic functions found in mammals are also conserved in Drosophila suggests that flies might also provide a useful model to study obesity-associated disorders, including diabetes and cardiovascular disease. In fact, studies have shown that ablation of insulinproducing cells in Drosophila larvae gives rise to phenotypes that recapitulate many symptoms of Type 1 diabetes, including high carbohydrate levels and poor growth (10, 58) . More recently, several groups have developed models of Type 2 diabetes by feeding Drosophila larvae a high-sugar diet. These studies found that the resulting larvae were smaller and developed phenotypes that resemble those observed in patients with Type 2 diabetes, including hyperglycemia, insulin resistance, and accumulation of fat (49, 50) . Of note, the growth retardation observed in these larvae appears to be a direct consequence of peripheral insulin resistance. In addition to the phenotypes described above, the expression of several genes involved in lipogenesis, gluconeogenesis, and ␤-oxidation were also upregulated in high-sugar-fed larvae, consistent with what is observed in humans with Type 2 diabetes. Interestingly, adult flies fed a high-sugar diet exhibit cardiac dysfunction and arrhythmias as well as a shortened lifespan, although it is not clear whether these phenotypes are associated with defects in metabolic dysfunction.
Adult flies fed a high-fat diet also exhibited dysregulation of insulin signaling and glucose homeostasis as well as defects in cardiac function, including reduced cardiac contractibility and increased accumulation of cardiac lipids, similar to what is observed in diabetic cardiomyopathies (5) . Interestingly, both the metabolic and heart defects could be reversed by blocking insulin signaling or by increasing lipase activity either in adipose tissue or in the heart itself. Finally, defects in heart function are not limited to flies with high-sugar or high-fat diets but have also been found in Drosophila that carry single gene mutations. For example, mutations that disrupt phospholipid metabolism give rise to flies that exhibit high levels of triglycerides both systemically and within cardiac tissue (42) , develop tachycardia, and are prone to cardiac arrest. Altogether, these studies demonstrate that the link between obesity and its associated disorders can be studied in Drosophila.
In conclusion, obesity and its related disorders have become a major epidemic that affects the health of both children and adults. It is a complex disorder with many underlying genetic and environmental causes. Although insight into these causes has come from studying cases of monogenic obesity in humans, additional approaches are required to fully characterize the molecular mechanisms underlying this disease. Large-scale genetic screens in Drosophila have already begun to help identify novel factors that may contribute to obesity in flies and, more importantly, in humans. Furthermore, Drosophila have been used to model many aspects of obesity and its associated disorders. With the conservation of metabolic functions and molecular pathways between flies and mammals, combined with the suite of genetic tools available to researchers, Drosophila will continue to be a valuable resource for understanding the complex nature of obesity. Ⅲ 
